The murine Pax-3 protein contains two DNA-binding domains, a paired domain and a homeodomain, and alterations in the Pax-3 gene are responsible for the neural tube defects observed in the Splotch (Sp) mouse mutant. Of five Sp alleles, Splotch-delayed (Spd) is the only one that encodes a full-length Pax-3 protein, containing a single glycine-to-arginine substitution within the paired domain. To better understand the consequence of this mutation on Pax-3 function, we have analyzed the DNA-binding properties of wild-type and Spd Pax-3, using oligonucleotides that bind primarily to the paired domain (e5) or exclusively to the homeodomain (P2). Wild-type Pax-3 was found to bind e5 in a specific manner. In contrast, the Spd mutation reduced binding of Pax-3 to e5 17-fold, revealing a defect in DNA binding by the paired domain. Surprisingly, the Spd mutation also drastically reduced the homeodomain-specific binding to P2 by 21-fold when compared with the wild-type protein.
function, we have analyzed the DNA-binding properties of wild-type and Spd Pax-3, using oligonucleotides that bind primarily to the paired domain (e5) or exclusively to the homeodomain (P2). Wild-type Pax-3 was found to bind e5 in a specific manner. In contrast, the Spd mutation reduced binding of Pax-3 to e5 17-fold, revealing a defect in DNA binding by the paired domain. Surprisingly, the Spd mutation also drastically reduced the homeodomain-specific binding to P2 by 21-fold when compared with the wild-type protein.
Interestingly, a deletion which removes the Spd mutation was found to restore P2-binding activity, suggesting that within the full-length Pax-3 protein, the paired domain and homeodomain may interact. We conclude, therefore, that the Spd mutation is phenotypically expressed in vitro by a defect in the DNA-binding properties of Pax-3. Furthermore, it is apparent that the paired domain and homeodomain of Pax-3 do not function as independent domains, since a mutation in the former impairs the DNA-binding activity of the latter.
The Drosophila paired gene belongs to the pair-rule family of genes that regulate anterior-posterior segmentation (1) . The paired gene encodes a homeodomain and a conserved region of 128 aa called the paired domain (2) , also present in the two segment-polarity proteins encoded by the gooseberry locus (3) and in the pox-neuro and pox-meso proteins (4) . A search for homologous genes in vertebrates revealed that the paired domain is highly conserved (5) and led to the identification of nine Pax genes in mice which, for the most part, are expressed in distinct spatial and temporal patterns in the developing nervous system (6, 7) . The observation that pox-neuro and pox-meso localize to the nucleus (4) and the demonstration that the paired domain encodes a DNA-binding activity (8) suggest that these proteins have a role in transcriptional regulation, and this has been verified with the finding that Pax-5 (9) and Pax-8 (10) regulate cell type-specific gene transcription.
In addition to the paired domain, Pax-3, -4, -6, and -7, like paired and gooseberry, also contain a homeodomain (7) . The paired domain and homeodomain do not share primary sequence homology and most likely have different tertiary structures. Furthermore, consensus paired-domain recognition sequences for Pax-2 and Pax-6 (11) are distinct from optimal binding sequences that have been determined for the The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
homeodomain of the Drosophila paired protein in vitro (12) . It is currently not understood, therefore, how the presence of these two domains in the same polypeptide contributes to sequence recognition in vivo. The DNA-binding properties of paired were first described by using the e5 sequence from the Drosophila even-skipped promoter (8) , and several Pax proteins (13), including Pax-3 (14) , have since been found to bind to e5. Although the Pax-3 homeodomain also contacts e5, its deletion does not significantly reduce e5 binding, indicating that recognition of this sequence occurs mainly through the paired domain (15) . It is apparent, nevertheless, that the homeodomain confers a qualitative difference on sequence discrimination by the Pax-3 paired domain (15) , and it is therefore possible that these domains are functionally interdependent when present in the same polypeptide.
Mutations in several vertebrate Pax genes are associated with developmental abnormalities (16) . In particular, alterations in the Pax-3 gene are responsible for the Splotch (Sp) mouse mutant (17) and human Waardenburg syndrome [WS (18, 19) ], both of which exhibit pigmentary disturbances in the heterozygous state (20) . Homozygous Sp embryos die in utero and display defects in neural tube closure, dysgenesis ofvarious neural crest cell derivatives, and an absence of limb musculature (20, 21) . The Sp locus maps to the proximal portion of mouse chromosome 1 (22) and comprises five independent alleles: Sp, Sp2H (SplH), Sp4H Sp-retarded (Spr), and Sp-delayed (Spd). In contrast to the other Sp alleles (17, (23) (24) (25) , Spd encodes a full-length Pax-3 polypeptide (25) , containing a single amino acid substitution within a conserved region of the paired domain, and mutations in similar regions of murine Pax-1 (26) and human PAX3 (18, 27) have been shown to reduce the DNA-binding activity of the paired domain (15, 28 (29) was added by PCR using oligonucleotide primers P3HA5 (5 '-AATGGATCCAGGATGGCCTACCCATAT-GACGTACCTGACTATGCCGGCGCTGTGCCCA-3') and P3B, and this amplicon replaced the 5' half of the Pax-3 cDNA in the wild-type pMT2 construct.
Transient Expression and Whole Cell Extracts. The Pax-3 expression constructs were used to transfect COS-7 cells by calcium phosphate coprecipitation (30) . Precipitates were left on cells for 5 hr before the cells were washed with phosphatebuffered saline and treated for 1 min with 15% glycerol in 1 x Hepes-buffered saline (140 mM NaCl/5 mM KCl/0.75 mM Na2HPO4/6 mM dextrose/25 mM Hepes, pH 7.15). The saline was then replaced with fresh Dulbecco's modified Eagle's medium containing 10% fetal bovine serum. Whole cell extracts were prepared after 24 hr as previously described (28), except that 0.2 mM EGTA was added.
Western Blotting. A Pax-3 oligopeptide that comprised aa 103-116 (Gly-Ser-Lys-Pro-Lys-Gln-Val-Thr-Thr-Pro-AspVal-Glu-Lys) was synthesized (Alberta Peptide Institute, Canada), conjugated to keyhole limpet hemocyanin (KLH), and emulsified with Freund's incomplete adjuvant. New Zealand White rabbits were immunized and blood was collected after 4 weeks. Antibodies were concentrated from serum by ammonium sulfate precipitation and resuspended in phosphatebuffered saline. Specific antibodies were isolated by affinity chromatography using the oligopeptide-KLH conjugate crosslinked to CNBr-activated Sepharose (Pharmacia). The antibody was recovered in phosphate-buffered saline and used at a 1:2000 dilution to detect Pax-3 in COS-7 extracts by enhanced chemiluminescence using a horseradish peroxidase-conjugated donkey anti-rabbit secondary antibody (Amersham).
Electrophoretic Mobility-Shift Assays (EMSAs). Oligonucleotides were end-labeled with [a-32P]dATP (P2 and P1/2) or [a-32P]dGTP (e5) by Klenow DNA polymerase. Whole cell extracts were added to 5 fmol of labeled oligonucleotide in a 20-,ul volume containing 15 mM Tris-HCl (pH 7.5), 60 mM KCl, 0.5 mM dithiothreitol, 0.025% bovine serum albumin, 4 mM spermine, 4 mM spermidine, and 7.5% glycerol (12) . In addition, when e5 was used, 1 ,ug of poly[(dI-dC).(dI-dC)] was added as a nonspecific competitor, whereas 2 ,ug of sonicated salmon sperm DNA was added when P2 and P1/2 were used. For antibody supershifting, 1 ,ug of protein A-purified 12CA5 monoclonal antibody (Berkeley Antibody, Richmond, CA) was added. Binding reactions occurred at 20°C for 30 min, and samples were electrophoresed at 12 V/cm in 5% polyacrylamide gels (29:1 acrylamide/N,N'-methylenebisacrylamide weight ratio) containing 0.25x TBE (22.5 mM Tris-HCl/22.5 mM boric acid/0.5 mM EDTA, pH 8. 
RESULTS
Three constructs were made to compare the DNA-binding properties of wild-type and Spd Pax-3. The wild-type and Spd Pax-3 expression constructs encode 479-aa polypeptides that differ at position 9 of the paired domain, which is glycine in the wild-type protein and arginine in the Spd mutant (Fig. 1A) . In Pax-3Aprd, a 110-aa segment that comprises the first 92 aa of the paired domain is deleted (Fig. 1A) . The DNA-binding properties of the expressed proteins were analyzed by EMSA using three double-stranded oligonucleotides: e5, P2, and P1/2 ( Table 1 ). The e5 sequence is derived from the Drosophila even-skipped promoter and, although it contains recognition motifs for both the paired domain and the homeodomain (8), the paired domain is sufficient for binding (8) (9) (10) 13) . The P2 oligonucleotide was identified by the SELEX (12) method with a 65-aa polypeptide comprising the homeodomain from Drosophila paired (12) . Consequently, P2 can be used to investigate homeodomain DNA-binding activity within intact Pax-3, Pax-3Mpd, and Pax-3Aprd. Furthermore, whereas P2 contains a palindromic TAAT homeodomain recognition motif and enables homeodomain dimerization, binding to P1/2, which contains one TAAT motif, occurs as a monomer (12) . A fourth construct, Pax-3HA, contains a 10-aa epitope tag between the first and second codons of the Pax-3 polypeptide (Fig. 1A) (Fig. 1A) revealed that the antibody detected only a single protein of 56 kDa, which was absent from control untransfected COS-7 cell extracts (Fig.  1B) . The size of this immunoreactive species is consistent with that predicted from the polypeptide sequence of Pax-3 (14) . Furthermore, in cells transfected with the Pax-3114 construct, a slightly larger protein was observed (Pax-311 in Fig. 1B) , consistent with the addition of the 10-aa epitope tag. These results indicate that the anti-peptide polyclonal antibody is specific for Pax-3. This antibody was used to assess levels of Pax-3 and Spd Pax-3 proteins in transfected COS-7 cell extracts (Fig. 1B) . Bioimager analysis established that nearly identical levels of Pax-3 protein were present (data not shown), allowing similar amounts of wild-type and Spd protein to be used for EMSA.
The e5 site was used in EMSAs, first to define the specificity of e5 binding to wild-type Pax-3 and then to compare the binding activity to the mutant protein (Fig. 2) . A single complex was detected when Pax-3-containing COS-7 extracts were incubated with e5 (Fig. 24, lane 1) and was not observed in extracts from the Pax-3Aprd transfectant (Fig. 24, lane 9) or from untransfected COS-7 cells (data not shown). The failure of Pax-3Aprd to bind the e5 sequence demonstrates the importance of the paired domain for this interaction. The specificity of binding was investigated by saturation analysis (31) and, for this purpose, e5 was added over a range of 1.25-100 nM using a fixed amount of Pax-3 (Fig. 24, lanes 1-8) . The amounts of Pax-3-bound (PD,) and free (Ds) e5 were obtained by analysis of EMSA gels. Values for PDs were plotted against the total e5 concentration, revealing that saturation occurred at an e5 concentration of -85 nM (Fig. 2B) . To determine an affinity constant, Scatchard analysis (31) was done, taking into account the molar concentration of nonspecific binding sites (Dn). In this way, the negative slope defines the relative affinity (Kr) of Pax-3 for e5 versus the nonspecific DNA [doublestranded poly(dI-dC)]. Accordingly, least-squares analysis in Fig. 2C provided a Kr value of 1.3 x 104 for Pax-3 binding to e5, which is similar to that for the binding of Pax-5 to its target site in the CD19 promoter [5 x 104 (9) ].
The Spd Pax-3 mutant contains a glycine-to-arginine substitution at position 9 of the paired domain (25) , and mutations in similar regions of mouse Pax-1 and human PAX3 are known to reduce binding of the paired domain to e5 (15, 28) . Our results indicate that the ability of Pax-3 to bind e5 is also decreased in the Spd mutant (Fig. 2D) . At low protein concentrations, Spd Pax-3 ( Fig. 2D Upper, lanes 1-4) To study further the DNA-binding properties of Pax-3, we investigated the ability of the Pax-3 homeodomain to bind the P2 oligonucleotide within the context of wild-type protein, Spd Pax-3, and the deletion mutant Pax-3prd (Fig. 3) . Wild-type Pax-3 formed a single complex with P2 that is of slower mobility than the Pax-3/e5 complex (Fig. 3A, compare lanes 1  and 7) . It is also evident that a functional paired domain is not required for P2 binding, as Pax-3Aprd formed a complex of similar mobility to that of full-length (Fig. 3A, compare  lanes 4 and 1) . The finding that the addition of a hemagglutinin-specific antibody to Pax-3HA further reduced the mobility of the complex formed with P2 (Fig. 3A , compare lanes 2 and 3) but had no effect on Pax-3prd (lane 5) indicated that the antibody supershift was specific for the epitope-tagged form of Pax-3.
The binding of the P1/2 oligonucleotide could be detected only by using a 4-fold greater quantity of Pax-3 protein extract, and even at this level, only a small quantity of the oligonucleotide was retarded upon protein binding (Fig. 3A, lane 6) . The mobility of this complex was similar to that formed between Pax-3 and e5 (Fig. 3A, lane 7) and suggested that the slower migrating complexes formed between Pax-3 and P2 represented dimers. To verify this, the level of Pax-3 protein was kept constant and P2 was added over a range of 1.25-100 nM. At "50 nM P2 (Fig. 3B, lane 6 ) two bands were resolved, the slower one representing Pax-3 dimers, and the faster complex the monomeric form. This is also consistent with results obtained with paired (12) , in which monomers form when the P2 concentration is in excess over the available homeodomain binding sites, and indicates that dimerization is cooperative. These data indicate that independent binding by a paired-class homeodomain can occur within the context of the full-length Pax-3 polypeptide.
We extended our study of P2 binding to include the Spd form of Pax-3, using the rationale that this would provide an internal control for the integrity of Spd Pax-3 outside of the paired domain. Surprisingly, however, the binding of Spd Pax-3 to P2 is also impaired, as complexes could be detected only at the highest protein concentration (Fig. 3C Upper, lane 7) when compared with wild-type Pax-3 (Fig. 3C Lower) , representing a 21-fold reduction in DNA-binding activity. Binding of Spd Pax-3 was, nevertheless, qualitatively similar to that of wildtype Pax-3, as only the dimeric complex was detected with P2 ( Fig. 3C Upper, lane 7) . These results were made more intriguing by the finding that Pax-3Aprd bound to P2 with similar efficiency to that of full-length Pax-3 (Fig. 3D) . As described previously, Pax-3Aprd lacks a large portion of the paired domain, including the residue affected by the Spd mutation. Thus, the ability of this deletion to restore P2 binding activity to the Pax-3 homeodomain illustrates that this
DISCUSSION
The murine Pax family was identified by its sequence homology to the Drosophila paired box, which encodes a 128-aa DNAbinding domain (8) . Of the nine Pax members described, Pax-3, -4, -6, and -7 also encode a second DNA-binding motif, the paired-type homeodomain, first described in Drosophila paired (16, 32) . Deletion analysis indicates that the paired domain has a bipartite structure in which amino-and carboxyl-terminal subdomains are involved in DNA recognition (13) . As a result, binding sequences can be divided into two classes, those that interact with both subdomains (class I) and those that bind primarily to the amino-terminal subdomain (class II), and both function in vivo (9, 10) . In addition, most paired-domain proteins interact with the e5 sequence from the Drosophila even-skipped promoter, an example of a class II site (13) . The e5 sequence also contains a homeodomain recognition motif, and although the Pax-3 homeodomain contacts this sequence, it can do so only when the paired domain is present (15) . Furthermore, our data indicate that it is the amino-terminal subdomain that is required for e5 binding, as its deletion in Pax-3Aprd destroys e5 binding activity (Fig. 24) , consistent with the fact that a Pax-5 deletion mutant containing only the amino-terminal subdomain retains the ability to bind e5 (13) .
Homeodomains of the paired class have diverged considerably from those in the Drosophila Antennepedia and Ultrabithorax classes (32) . Furthermore, when compared with most other homeodomain classes, which bind target sites as monomers, a paired-homeodomain polypeptide binds to DNA as a dimer in vitro (12) , and the high degree of sequence conservation in the Pax-3 homeodomain suggested that it might also promote dimerization. Our studies using P2 have confirmed this prediction and established that dimerization can occur in the context of the full-length Pax-3 polypeptide (Fig. 3 A and  B) . Furthermore, the prevalence of dimeric complexes indicates that this binding event is cooperative, consistent with the properties of the paired homeodomain (12) . It has been shown that paired can heterodimerize with gooseberry, which contains a homeodomain of the same class (12) , and it is interesting that Pax-3 and Pax-7 can also form heterotypic dimers on P2 (33), although it remains to be seen how this affects their binding properties in vivo.
The glycine-to-arginine substitution in Spd Pax-3 is expected to destroy a predicted /3-turn in a region that is conserved in all paired domains described to date (25) . In addition, the mouse Un and human WS.Brazil mutations occur in a second predicted {3-turn, which is also perfectly conserved, and both reduce binding to e5 (15, 28) . We have shown here that the Spd mutation impairs the e5 binding activity of Pax-3 by a factor of 17 ( Fig. 2D) and, based on the specificity of e5, this represents a defect in paired-domain function. Furthermore, the Spd mutation reduces the ability of the Pax-3 homeodomain to bind P2 to a similar extent (Fig. 3C) . Although the integrity of the Pax-3 homeodomain has not been investigated in WS.Brazil, another WS mutant, WS.15, does not show an obvious defect in binding to e5 until the homeodomain is deleted (15) . In this case, the homeodomain can compensate for the decreased binding activity of the paired domain, suggesting that the homeodomain is unaffected by the WS.15 mutation. We expect that examining the binding properties of other Pax mutants with P2 would identify other residues within the paired domain that affect homeodomain DNA-binding activity.
Both the paired domain and homeodomain retain DNAbinding activity when expressed separately in vitro (8) , and each appears alone in the context of naturally occurring proteins, indicating that these domains are structurally independent. It was an unexpected finding, therefore, that the Spd mutation reduces DNA binding by the homeodomain, especially since removing a large portion of the paired domain (Pax-3Aprd) has no affect on the binding of the Pax-3 homeodomain to P2 (Fig. 3D) . We speculate that the Spd mutation unmasks an interaction between the paired domain and homeodomain of Pax-3, suggesting that the paired domain and homeodomain are not functionally independent within the intact Pax-3 protein. Importantly, there is also evidence that the Pax-3 homeodomain can influence paired-domain sequence specificity (15) . This is based on the observation that Pax-3 and Pax-1, which does not contain a homeodomain, exhibit distinct binding preferences for a series of paired-domain recognition sequences (PRS). However, deleting the homeodomain from Pax-3 produces a PRS-binding profile that is very similar to that of Pax-1 (15) . The notion of cooperativity between the paired domain and homeodomain in Pax-3 as suggested by our analysis of the Spd mutant is also in agreement with the DNA-binding properties of paired on the e4 region of the Drosophila even-skipped promoter (8) . Specifically, binding to the e4 sequence by paired occurs only when both the paired domain and the homeodomain are expressed within the same molecule (8) . It is therefore possible that the conservation of the paired domain together with the homeodomain in several Pax proteins provides sequence recognition properties distinct from those attributed to each separate domain, and it now remains to be seen how such an interdependence will influence the selection of target sites by Pax proteins in vivo.
